Properties of human atrial natriuretic factor (ANF) binding to the crude membrane fraction of rat kidney were studied using the ANF-radiolabeled receptor assay; the developmental change of renal ANF receptors in three age groups of spontaneously hypertensive rats (SHR) was also investigated with the methods of radiolabeled receptor assay and the quantitative approach of in vitro macro-autoradiography. Temperature and incubation time greatly influenced ANF binding capacities because of the degradation of radiolabeled ligand. Addition of 5 mM MgCl 2 to assay buffer was useful for the stabilization of ANF specific binding. Scatchard analysis suggested that the crude membrane fraction of rat's kidney had a single binding site with the apparent dissociation constant of 0.55 nM. In the study of the developmental change of renal ANF receptor in SHR, systolic blood pressure of the SHR at the age of 5 weeks and 12 weeks was significantly higher than that of age-matched Wistar-Kyoto (WKY) rats, but there was no significant difference in blood pressure between SHR and WKY rats at the age of 3 weeks. Concerning the radiolabeled receptor assay of ANF, the apparent dissociation constant and maximum binding capacity in SHR were low in all age groups when compared with those of WKY rats. In the in vitro macro-autoradiographic observation, the specific binding of ANF was localized mainly in the renal cortex, and these binding patterns of SHR and WKY rats were the same in all age groups. The specific binding in the kidney of SHR was proved to be quantitatively smaller than that in WKY rats using the research analysis system (RAS 1,000) as investigated in radiolabeled receptor assay. These findings suggest that the kidneys of SHR have a higher affinity and lower capacity binding sites (possibly genetic in origin) for ANF from a young age, and these changes in the renal ANF receptor may affect the progression of the hypertensive state in SHR. {Hypertension 1989;13:449-455)
volume homeostasis, is one of the most important target organs of ANF. We previously reported that high affinity binding sites of ANF existed in the rat kidney, especially the renal cortex, by means of radiolabeled receptor assay 14 and autoradiography. 1516 Recently, many investigators have reported on the relation between ANF and blood pressure, suggesting that ANF plays an important role in the hypertensive state. 1718 Although numerous studies on spontaneously hypertensive rats (SHR) have been reported as models for human essential hypertension, little is known about the pathogenesis of the hypertensive state in these animals. 19 - 20 We recently demonstrated that the ANF binding capacity in the kidneys of 12-week-old SHR was lower than that in the kidneys of Wistar-Kyoto (WKY) rats. 21 A few studies were reported 22 about SHR that concerned the change of renal ANF receptor. In the present study, we investigated the properties of renal ANF receptor bindings using the ANF radiolabeled receptor assay and also investigated the developmental changes in renal ANF receptors in SHR by means of radiolabeled receptor assay and the quantitative approach of in vitro macro-autoradiography.
Materials and Methods

Materials
Male Wistar rats (body weight, 250-300 g), male SHR, and normotensive WKY rats obtained from Charles River Japan (Kanagawa, Japan) were used. All rats were housed in climate-controlled metabolic cages with a 12-hour light/dark cycle and food (MF, Oriental Yeast Co., Tokyo, Japan) and water provided ad libitum. Wistar rats were used for the basic study on ANF binding assay. SHR were divided into three age groups: 3-4 weeks old (prehypertensive state), 5-8 weeks old (developmental hypertensive state), and 12-13 weeks old (established hypertensive state). Each group of SHR was compared with age-matched WKY rats. Blood pressure was measured routinely in conscious, restrained, and wanned rats with tail-cuff plethysmography (Ueda Seisakusho, Tokyo, Japan).
Membrane Preparations
The kidney was quickly removed and decapsulated in ice-cold Buffer A (50 mM Tris-HCl buffer, pH 7.6, containing 5 jtg/ml chymostatin, 5 /xg/ml leupeptin, and 750 kallikrein inhibition equivalents [KIE]/ml of aprotinin). The tissue was minced with a Polytron PT-10 (Kinematica, Luzen, Switzerland) (at full speed for 10 seconds) and homogenized by five strokes in a glass homogenizer in ice. The homogenate was centrifuged at 800g for 10 minutes at 4° C, and the pellet (nuclear fraction) was discarded. The supernatant was centrifuged at 18,000g for 20 minutes at 4° C. The pellet was washed in Buffer A and again centrifuged at 18,000g for 20 minutes at 4° C. The final pellets, whole kidney membrane preparations, were resuspended in Buffer A and used for the radiolabeled receptor assay immediately. Protein determinations were carried out according to the procedure of the Bio-Rad protein assay kit (Bio-Rad Labs., Richmond, California).
Iodination of Atrial Natriuretic Factor
Iodine-125-labeled ANF was prepared according to the lactoperoxidase method with slight modification as previously reported.
14 -23 Synthetic ANF (5 /ig, a-human,l-28 ANP, Peptide Institute, Osaka, Japan) in 5 ^il 0.1 M acetic acid, was combined with 20 Ail 0.5 M NaH 2 PO» solution (pH 7.0), 1 mCi iodine-125-labeled sodium (Amersham Co., Tokyo, Japan), and 5 /xg lactoperoxidase (Sigma Chemical Co., St. Louis, Missouri) in 5 /tl 0.1 M sodium acetate buffer (pH 5.6). Iodination was initiated by addition of 5 pil 0.002% H 2 O 2 . After 1 minute, an additional 5 fi\ H 2 O 2 was added. After 1 minute, the reaction was stopped by dilution with 1 ml ice-cold 0.3 M acetic acid (pH 2.4). The reaction mixture was immediately applied to a column (1 cmx70 cm) of Sephadex G 50 equilibrated and eluted with 0.3 M acetic acid at 4° C, and 1-ml fractions were collected in tubes that contained 200 ^,1 2.5% bovine serum albumin (BSA) (crystallized and lyophilized, Sigma Chemical Co.). Radioactivity in 10-/A1 portions of each fraction was counted by an auto-well gamma system (Aloka ARC 501, Aloka Co., Tokyo, Japan). Since the highest binding to the rat kidney membrane preparation was observed during the descending part of the first peak in two peaks, these fractions were used for the binding assay as [ 
Binding (Radiolabeled Receptor Assay)
The ANF binding assay was carried out essentially as described previously.
14 Briefly, the membrane preparation of rat kidney (0.10-0.12 mg protein per assay tube) was mixed with increasing concentrations of [ 125 I]ANF (0.1-1.2 nM) in the presence or absence of unlabeled 2 pM ANF at a final volume of 0.5 ml Buffer B (Buffer A with 5 mM MgCl 2 , 0.1% BSA, 750 KIE/ml aprotinin) in a micro test tube (Ratio-lab. Co., Dreteich, Germany). Samples were incubated in an ice bath for 15 minutes. After the reaction, the assay tubes were centrifuged at 10,000g for 3 minutes. The radioactivity in these pellets was counted by the auto-well gamma system. The specific binding of ANF to the membrane preparations was obtained by the difference between the radioactivity bound to the receptor in the presence of an excess of 2 JAM ANF and that bound in its absence. Scatchard plots of the data were analyzed with a computer (NEC-9801) according to the method of Marquardt.
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In Vitro Macro-Autoradiography
In vitro macro-autoradiography was performed as previously reported. 15 Briefly, the kidney was quickly frozen by dry ice acetone. Sections (10-/im thick) were cut on a cryostat microtome at -30° C and thaw mounted onto slides. The freshly thawmounted sections on the slides were dried under an air stream at room temperature. These sections were preincubated for 2 minutes in ice-cold Buffer A into which 0.05% polyethylenimine was added. Then each section was incubated in ice-cold Buffer B and [ I25 I]ANF, with or without unlabeled excess ANF (2 /AM), for 5 minutes. After the incubation, the sections were rinsed in ice-cold Buffer C (50 mM Tris-HCl buffer, pH 7.6) for 5 minutes and desiccated. These slides of kidney sections were fixed to thin cardboard and placed on LKB Ultrofilm (LKB Producter., Bromma, Sweden) in x-ray cassettes for 2 days. After exposure, the film was removed and developed with Sakura Konidol-X (Konishiroku Industry Co., Tokyo, Japan) at 20° C for 4 minutes.
Quantitative Approach of Autoradiography
The autoradiogram was analyzed with the quantitative approach using the research analysis system (RAS 1,000, Amersham, Tokyo, Japan). The specific binding of ANF in the autoradiogram was obtained by the subtraction data between total binding and nonspecific binding. On the basis of optical density in the microscale (Amersham), the value of radioactivity that was calculated with optical density in the subtraction film was analyzed with RAS 1,000. Moreover, 20 points of 1-mm square radioactivity in the specific binding of the autoradiogram of SHR were randomly measured using the spot analysis system of RAS 1,000 and were compared with those of WKY rats.
Statistical Analysis
The results were expressed as mean±SEM, and statistically analyzed by means of unpaired Student's t test.
Results
Optimum Conditions for Radiolabeled Receptor Assay
Specific binding of [ I25 I]ANF to the renal membrane fraction was time and temperature dependent (Figure 1) . At 4° C without MgCl 2 and aprotinin, the peak of specific binding was attained within 5 minutes and then rapidly decreased. In the presence of 5 mM MgCl 2 and 750 KIE/ml aprotinin at 4° C, the highest and longest specific binding of ANF was observed at 15 minutes compared with other conditions. However, at 24° C, the peak of specific binding that was obtained at 5 minutes was approximately one fifth of that at 4° C. The specific binding with pretreatment of membrane fraction at 20° C for 30 minutes (97.5±7.2% of the control condition) was not different from the control condition (at 4° C for 30 minutes). However, the preincubation of Figure 4 shows a representative saturation curve and Scatchard analysis of the [ Fraction number
Saturation Curve and Scatchard Plot
FIGURE 3. L//if graph showing gel filtration pattern of fresh iodine-125 -labeled atrial natriuretic factor (ANP) (•) and the supernatant of 10,000% centrifuged incubation medium with membrane fraction after 15 minutes (•) and 30 minutes (O). Supernatant of incubation medium applied to a column (Sephadex G-50, 1 cmx70 cm) with 0.3 M acetic acid at 4° C and 1 ml fraction were collected. Radioactivity of each fraction was measured with an auto-well gamma system.
Radiolabeled Receptor Assay of Atrial Natriuretic Factor in Spontaneously Hypertensive Rats
Body weight, systolic blood pressure, and data of Scatchard analysis of ANF binding assay of SHR and WKY rats are shown in Table 1 . The systolic blood pressure in SHR at the age of 3 weeks was the same as that in control rats, but the systolic blood pressure at the ages of 5 and 12 weeks was significantly higher than that in the age-matched control rats. Concerning the data of Scatchard analysis in the kidney of these rats, the apparent K A and B^ of SHR were lower than those in WKY rats in all three age groups.
Computer Analyzed Autoradiogram of Atrial Natriuretic Factor in Spontaneously Hypertensive Rats
In the autoradiogram, specific binding of [ I23 I]ANF was mainly localized in the renal cortex ( Figure 5 ). Figure 6 shows the specific binding in SHR and WKY rats at age 4 weeks using the RAS 1,000. The specific binding of ANF in SHR clearly decreased compared with that in WKY rats. To quantify these visual changes, we investigated the radioactivity in the film by using the spot analysis system of RAS 1,000. Figure 7 summarizes the radioactivity of ANF specific binding in the kidney of SHR and WKY rats at the ages of 4, 8, and 13 weeks. The specific binding of ANF in SHR was significantly lower in all age groups, although the localization of ANF binding in the kidney of SHR was similar to the WKY rats in all three age groups.
Discussion
The ANF binding capacity was greatly influenced by temperature and incubation time (Figure 1 previously reported, 1316 the ANF binding sites mainly exist in the renal cortex. However, since the physiological action of ANF in the medullary collecting tubules was not confirmed and the result of autoradiography was intended to contrast with that of RRA, we performed the ANF binding assay using the rat whole kidney.
Autoradiography is considered a valuable method to determine the receptor localization. In the autoradiogram of ANF there were no different patterns of ANF binding sites between SHR and WKY rats in all three age groups. Nevertheless, when using the quantitative analysis of autoradiography, the number of ANF receptors in the kidney of SHR was proved to be lower than that in WKY rats. The results from autoradiography agreed with the data from the radiolabeled receptor assay of ANF.
Several investigators have shown that ANF affects blood pressure, 62526 which suggests that ANF takes a part in blood pressure regulation. Plasma ANF levels in hypertensive patients are controversial. Some groups have reported increased plasma ANF levels in patients with essential hypertension, 182728 and other groups have reported no difference compared with control subjects. 29 - 30 In secondary hypertensive animal models such as deoxycorticosterone acetate-salt hypertensive rats and one-kidney, one clip rats, plasma ANF levels were reported to be elevated compared with control rats and the downregulation of ANF was suggested. 25 -3132 The present study demonstrated that the ANF receptor binding in the kidney of SHR was lower than that in the kidney of WKY rats by means of radiolabeled receptor assay and autoradiography. As these low binding levels were observed even in 3-week-old SHR, which were normotensive, these differences are possibly genetic in origin. Saito et al 22 reported the decrease in ANF binding to basolateral membranes in 14-and 15-week-old SHR and SHRstroke prone strain, but not in 5-week-old rats. As the reduction of ANF binding sites of SHR might be due to the increased plasma ANF concentration, they suggested that these phenomena were caused by the down-regulation of the receptor. As shown in Table 1 , the changes in ANF receptors may partly correspond with blood pressure. However, despite the increased level of ANF in the blood,m* SHR had enhanced natriuretic and hypotensive responsiveness to exogenous ANF, 33 -33 which suggests that these phenomena cannot be explained by the down-regulation of the ANF receptor. We also observed a gradual increase in the number of ANF receptors in the kidney of both SHR and WKY rats with age. Similar age-associated changes were found in the cardiac content of ANF and the level of ANF in the blood. 3637 From these results, we speculate that these enhanced biological actions in SHR are due to the high affinity of ANF receptors and the developmental changes in the ANF receptors in SHR, which differ from those in WKY rats.
Thus, we demonstrated that ANF receptors in the kidney of SHR possessed higher affinity and lower capacity binding sites than those in WKY rats. Whether these differences in ANF receptors in SHR are related to the progression of hypertension or not, is now being investigated using another hypertensive model.
